Type I collagen was prepared from tilapia (Oreochromis niloticus) skin by acetic acid and pepsin process at 4°C, respectively (ASC and PSC), and hot-water method separately at 25, 35 and 45°C (C-25, C-35 and C-45). Their structure and self-assembly property were discussed. SDS-PAGE patterns suggested that pepsin hydrolysis and the 35 and 45°C extraction produced collagen with much reduced proportions of a-and bchains. Fourier transform infrared spectroscopy spectra revealed that pepsin hydrolysis did not change the conformation of collagen, but higher extraction temperature did. Self-assembly curves and atomic force microscopy (AFM) observations showed that only ASC, PSC and C-25 could self-assemble into fibrils with D-periodicity, but the reconstruction rate of C-25 was lower. Besides, PSC had relatively higher resolution ratio compared with others. Overall, pepsin-extracted collagen displayed higher solubility and better fibrilforming capacity, having the potential of applying in biomaterials and food-packaging materials.
Introduction
As the primary structural protein in connective tissues, type I collagen is a major component of tendon, cartilage, ligament, skin, cornea and bone (Li et al., 2009) . It is unique in its ability to form insoluble fibres or gels via a self-assembly process known as fibrillogenesis . Therefore, type I collagen is widely applied in biomaterials, as well as food-packaging materials. Self-assembly of soluble collagen into fibrils in vitro was observed more than 50 years ago (Li et al., 2009) . Not only the fibrillogenesis of collagen from bovine dermal (Li et al., 2009; He et al., 2014) , bovine achilles tendon (Chung et al., 2013) and rat tail (Harris et al., 2013) was investigated, but also some studies majored in the self-assembly of collagen extracted from marine animals, such as bester sturgeon (Zhang et al., 2014b) , silver-line grunt skin (Aukkanit & Garnjanagoonchorn, 2010) and walleye pollock skin (Yan et al., 2012) . Fessler said that the amino acid composition of the collagen alpha chains varied with species and tissues (Fessler, 1974) . Therefore, more information is really needed on the self-assembly of type I collagen from different species to promote its utilisation for medical and cosmetic purposes (Noitup et al., 2006) .
Commonly, type I collagen extracted from landbased animals, such as cow and pig, is widely used in biomedical and pharmaceutical industries. However, the outbreaks of bovine sponge encephalopathy (BSE) and foot-and-mouth disease (FMD) have resulted in anxiety among users of collagen from land-based animals in recent years (Jongjareonrak et al., 2005) . Consequently, there is an urgent need for easily available and safe sources of collagen. Previous study reported that fish is comparatively safer and potential alternate for extraction of collagen (Pati et al., 2012) . Tilapia (Oreochromis niloticus) is highly valued as a food fish and the second most important group of farmed fish after carp. Annually, a large quantity of tilapia was processed as frozen fillet; thus, many by-products were produced including fish skin, scale and bone (Zeng et al., 2009) , in which utilising the collagen was not only reducing the environmental pollution and resource waste, but also increasing the product added value.
As we all known, there are various methods for collagen extraction. Generally, different way will induce collagen with distinct structure, and further display the different self-assembly property, which there is no literature found to investigate in detail. Therefore, in this study, type I collagen from tilapia (Oreochromis niloticus) skin was extracted by acetic acid, pepsin and hot-water methods, respectively, with the purpose of evaluating whether extraction methods could affect the self-assembly property of collagen and the morphology of reconstructed assemblies. Such information will be essential to the design of new biomaterials and food-packaging materials from natural marine collagen.
Materials and methods

Raw material
Tilapia (Oreochromis niloticus) skin used in the study was purchased from a local fish-processing factory in Qingdao. They were immediately frozen at À20°C, taken to the laboratory and kept at À20°C until used. Prior to application, skins were thawed overnight in a refrigerator at 4°C and descaled. All other chemical reagents used for the experiments were of analytical grade.
Preparation of type I collagen
Type I collagen prepared by acetic acid method All procedures were performed at 4°C, as previously described (Zeng et al., 2009; Zhang et al., 2014b) with slight modifications. Tilapia skins were cut into small pieces and soaked in 10% (v/v) butyl alcohol solution in a ratio of 1:20 (w/v) for 24 h with a gentle stirring and renewed every 8 h. Defatted skins were thoroughly washed with distilled water and removed from the noncollageous proteins and pigments with 0.1 M NaOH solution in a ratio of 1:20 (w/v) for 24 h with a gentle stirring, the solution changed every 8 h. Subsequently, the skins were thoroughly rinsed with distilled water until a neutral pH was reached. Minced skins were stirred continuously in a solution of 0.5 M acetic acid with a ratio of 1:50 (w/v) for 48 h at 4°C. The extract was centrifuged at 10 000 g for 30 min, and the acid-soluble collagen (ASC) in the supernatant was salted out by adding NaCl to a final concentration of 0.9 M. The solution was left overnight and the resultant precipitate collected by centrifugation (10 000 g for 30 min) was dissolved in 0.5 M acetic acid, dialysed against 0.1 M acetic acid for 1 day (1:20, v/v, changed every 8 h) and distilled water for 2 days (1:20, v/v, changed every 8 h), and then lyophilised.
Type I collagen prepared by pepsin method Type I collagen prepared by pepsin method was performed as described above with slight modifications. Minced skins were stirred continuously in a solution of 0.5 M acetic acid containing 0.5% (w/v) porcine pepsin (EC 3.4.23.1; powderised; 750 U mg À1 dry matter, Sigma, St. Louis, MO, USA) with a ratio of 1:50 (w/v) for 48 h at 4°C. The extract was centrifuged at 10 000 g for 30 min, and the pepsin-soluble collagen (PSC) in the supernatant was salted out by adding NaCl to a final concentration of 0.9 M.
Type I collagen prepared by hot-water method All procedures were performed as previously described (Yan et al., 2011) with slight modifications. Tilapia skins were cut into small pieces and soaked in 10% (v/ v) butyl alcohol solution in a ratio of 1:20 (w/v) for 24 h with a gentle stirring and renewed every 8 h. Defatted skins were thoroughly washed with distilled water and then soaked with 0.1 M sodium hydroxide (1:20 w/v) at 4°C for 8 h (repeated three times). Skins were drained and rinsed with tap water after each time. Subsequently, they were swollen with 0.05 M sulphuric acid (1:20 w/v) at room temperature for 3 h, and rinsed with distilled water until neutral pH. Minced skins were stirred continuously in distilled water with a ratio of 1:30 (w/v) overnight at 25, 35 and 45°C, respectively, the samples separately named as C-25, C-35 and C-45. The extract was centrifuged at 10 000 g for 30 min, and the supernatant was collected and lyophilised.
Recovery rate and purity
Hydroxyproline in tilapia skin and extracted collagen was determined by the method reported by Reddy & Enwemeka (1996) . Recovery rate and purity were calculated as follows:
Recoveryrate ð%Þ ¼ weight of hydroxyproline in extracted collagen weight of hydroxyproline in tilapia skin Â 100
Purity ð%Þ ¼ weight of hydroxyproline in extracted collagen Â conversion factor ð11:5Þ weight of extracted collagen Â 100:
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis SDS-PAGE was performed by the method of Laemmli (1970) , using the discontinuous Tris-HCl/glycine buffer system with 7.5% resolving gel and 5% stacking gel. Proteins were stained with 0.1% (w/v) Coomassie Brilliant Blue R-250 dissolved in water, methanol and acetic acid (9:9:2, v/v/v) for 20 min, and then destained with a mixture of 10% methanol, 10% acetic acid and 80% distilled water.
Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) spectra were obtained from discs containing 0.2 mg lyophilised collagen and about 10 mg potassium bromide ground together under drying condition. The infrared spectra were recorded using a Nicolet iS10 spectrometer (Thermo Fisher, Waltham, MA, USA) from 4000 to 500 cm À1 at a data acquisition rate of 4 cm À1 per point. The resulting spectra were analysed using Omnic 8.2 and Origin 7.5.
Dissolution ratio
Dissolution ratio was determined according to the method of Chen et al. (2015) . After 200 mg of collagen was dissolved in 0.5 M acetic acid with the volume of 100 mL for 48 h, the solution was centrifuged at 20 000 g for 30 min, and protein in the supernatant was determined by the biuret method (Gornall et al., 1949) . Dissolution ratio was calculated as follows:
Dissolution ratio ð%Þ ¼ weight of protein in the supernatant 200 Â 100:
Self-assembly of collagen in vitro
All procedures were performed as previously described (Yan et al., 2012) . Type I collagen (200 mg) was dissolved in 0.5 M acetic acid (100 mL) by stirring for 48 h at 4°C. The solution was centrifuged at 20 000 g for 30 min, and the supernatant was collected. Assembly process was initiated by mixing collagen solution with Na-phosphate/NaCl buffer in an ice bath, homogenised and incubated in a water bath at 30°C. The final concentrations were 20 mM for Na-phosphate buffer and 130 mM for NaCl, respectively, and pH was adjusted to 7.4. The kinetic assembly was monitored by turbidity reflecting by the absorbance at 400 nm using a Shimadzu spectrophotometer UV-2550 (Shimadzu, Kyoto, Japan). After self-assembling for 24 h, the collagen solution was centrifuged at 20 000 g for 30 min. Protein in the supernatant was analysed using the biuret method (Gornall et al., 1949) . Rate of reconstruction was defined as the percentage of the decreased collagen concentration in the supernatant.
Determination of the denaturation temperature
The denaturation temperature (T d ) was measured from the viscosity changes, using an Ubbelohde viscometer, according to the method of Zhang et al. (2014a) with some modifications. Ten millilitres of 0.75% collagen solution in 0.1 M acetic acid was used for the viscosity measurements. The thermal determination curve was obtained by measuring the solution viscosity at several temperatures from 16 to 42°C, and the temperature was raised stepwise and maintained for 30 min. Fractional viscosity at the given temperature was calculated with the equation: Fractional viscosity = (g sp(T) Àg sp (42°C) )/(g sp(16°C) Àg sp(42°C) ), where g sp is the specific viscosity. These fractional viscosities were plotted against the temperatures and the denaturation temperature was taken to be the temperature at which the change in viscosity was half completed.
Scanning electron microscopy (SEM)
The freeze-dried PSC before and after the self-assembly was mounted on the SEM stub with silver conducting adhesive, sputter-coated with gold-platinum and examined on a scanning electron microscopy (S-4800; Hitachi, Tokyo, Japan), operated at 10 kV.
Atomic force microscopy (AFM)
After self-assembly for 24 h, the collagen solution with the volume of 5 lL was taken and deposited onto a piece of freshly cleaved mica sheet. After rinsed with distilled water for three times, the mica was dried in the air. The microstructures of collagen assemblies were observed in the tapping mode on an atomic force microscope (AFM, MultiMode 8; Veeco, Santa Barbara, CA USA) equipped with square pyramidal silicon nitride tip (Olympus AC 160TS Olympus, Shibuya, Tokyo, Japan) with spring constant~1 N m
À1
. Both height and amplitude images were recorded at a scan rate of 1.0 Hz in air.
Statistical analysis
All experiments were carried out in triplicate. Statistical data were analysed using Microsoft Excel 2003 and Origin 7.5. Student's t-test was applied to compare the averages of properties with a level of 95% confidence interval.
Results and discussion
Recovery rate and purity of collagen by different extraction methods Type I collagen from tilapia skin was extracted by acetic acid, pepsin and hot-water method, respectively, acetic acid and pepsin process both performed at 4°C and hot-water extraction separately proceeding at 25, 35 and 45°C. The recovery rate and purity are displayed in Table 1 . It could be found that the recovery rate of ASC and PSC did not show significance, but evidently higher than that of collagen isolated by hotwater way (P < 0.05), which was probably attributed to the pH of the extraction solution, the ratio of material to solvent and the extraction time. The collagen molecule has a unique triple helical structure, but the two terminal ends are nonhelical parts known as the telopeptide regions (Zhang et al., 2014b) . Pepsin has been reported to cleave peptides in the telopeptide region without damaging the integrity of the triple helix structure (Singh et al., 2011) ; thus pepsin extraction could obtain more collagen. However, the results in this study suggested that the majority of collagen can be isolated from tilapia skin using acidic solution without the aid of pepsin, similar to the conclusion from jellyfish collagen (Zhang et al., 2014a) , but different from the result reported by Sujithra et al. (2013) . The reason might be related to the preparation method. Potaros et al. (2009) said that the preparation method could affect the yields of ASC and PSC, but did not influence the biochemical properties. From Table 1 , the purity of ASC was evidently higher than those of others (P < 0.05), which was caused by the introduction of impurities for pepsin hydrolysis and higher extraction temperature. Table 1 also showed that the recovery rate of collagen could be increased with the temperature increasing in distilled water owing to higher solubility at higher temperature, but the purity did not change significantly.
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
The SDS-PAGE patterns of collagen from tilapia skin by different methods are shown in Fig. 1 . It was found that collagens were all consisted of at least two different a-chains (a1 and a2), and the band intensities of a1-chains approximately were double than those of a2-chains. However, it could not be determined whether a3-chain existed in the collagens, because the migration similarity of the a3 and a1 chains prevents separation of the former from the latter using SDS-PAGE (Kimura, 1992) . The higher molecular weight components, particularly b-components, were also present. Based on the subunit composition and electrophoretic mobility, these collagens are most likely to be classified as type I collagen, similar results observed in collagen from skin and bone of Spanish mackerel , bester sturgeon (Zhang et al., 2014b) , skin of striped catfish (Singh et al., 2011) , skin of sailfish (Tamilmozhi et al., 2013) , scale of lazard fish (Thuy et al., 2014) , outer skin of squid (Veeruraj et al., 2015) , grass carp skin (Chen et al., 2015) and silvertip shark skeletal and head bone (Jeevithan et al., 2014) . However, differences were seen in SDS-PAGE patterns of collagen with different extraction methods. Some components with molecular weight lower than that of a2-chain were present in PSC, which indicated that part of peptide bonds were hydrolysed in addition to the peptide bonds hydrolysed in telopeptide region, similar result found in collagen from the skin and bone of Spanish mackerel . Besides, C-25 gave similar electrophoretic image to ASC, while the 35 and 45°C extraction produced collagen with much reduced proportions of both a-and b-subunits owing to the degradation at higher temperature, con- sistent with the conclusion obtained by Aukkanit & Garnjanagoonchorn (2010) . The results suggested that pepsin hydrolysis and higher extraction temperature would induce collagen to degrade partially.
Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy spectroscopy was used to analyse the structure of collagen prepared from tilapia skin by different extraction methods. The FTIR spectra are shown in Fig. 2 . The amide A band is associated with the N-H stretching frequency. A free N-H stretching vibration occurs in the range of 3400-3440 cm À1 , whereas when the NH group of a peptide is involved in a hydrogen bond, the position is shifted to lower frequency, usually near 3300 cm À1 (Doyle et al., 1975) . The amide A bands of ASC, PSC, C-25, C-35 and C-45 were found at the wavenumbers of 3317, 3324, 3302, 3306 and 3305 cm À1 , respectively, which showed that there were involved in hydrogen bonds. Generally, the lower wavenumber of band corresponds to higher hydrogen bonding potential . Thus, the results indicated that higher extraction temperature could reinforce the hydrogen bond formed by NH groups, while pepsin hydrolysis destroyed. The amide I bands of ASC, PSC, C-25, C-35 and C-45, originated from C=O stretching vibrations, were separately at 1653, 1660, 1660, 1662 and 1660 cm À1 , suggesting that the more interaction of C=O with adjacent chains via hydrogen bond appeared in ASC. The results revealed that pepsin hydrolysis and higher extraction temperature could both break the hydrogen bond participated by C=O.
It is known that the amide I band is associated with the secondary structure of the protein. Using Omnic 8.2 and Origin 7.5, the secondary structures of collagen from tilapia skin by different extraction methods are shown in Table 2 . It could be found that the secondary structure of ASC was similar to that of PSC, but different from collagens prepared by hot-water method at 25, 35 and 45°C. ASC and PSC were higher in a-helix than C-25, C-35 and C-45, but lower in b-turn. With the extraction temperature increasing from 25 to 45°C, b-sheet was increased, while random coil was reduced, revealing that random coil might mainly be converted into b-sheet. The results indicated that pepsin hydrolysis did not change the conformation of collagen, but higher extraction temperature did. According to the principle that properties were determined by structure, collagen by different extraction methods will display different properties.
Self-assembly of collagen by different methods
Dissolution ratio of collagen by different methods
Collagen was initially dissolved in 0.5 M acetic acid solution with the concentration of 2 mg mL À1 , and then, the solution was centrifuged to collect the supernatant for studying the self-assembly property. Previous study suggested that an increased collagen concentration caused an increase in the rate of reconstruction (Noitup et al., 2006; Yan et al., 2012) , and it was observed that not all collagen could be dissolved in Figure 2 Fourier transform infrared spectroscopy spectra of type I collagen prepared from tilapia skin by different methods. Values are mean AE standard deviation of three determinations. For the same column, different letters indicate significant differences (P < 0.05). Table 2 Secondary structure analysis of type I collagen prepared from tilapia skin by different methods acetic acid solution in the experiment; therefore, the solubility of collagen was assessed. The dissolution ratios of collagen by different methods are shown in Table 1 . It could be found that PSC more than 90% could be dissolved in acetic acid solution, significantly higher than ASC (P < 0.05), which indicated that PSC might possess a lower degree of cross-linking, or a predominance of weaker bonds than ASC (Jongjareonrak et al., 2005) .
Collagen by hot-water method with different extraction temperature also exhibited different solubility. The dissolution ratio of C-25 was near to that of ASC, which was ascribed to the intact structure of a-and b-subunits as shown in SDS-PAGE patterns, but significantly lower than those of C-35 and C-45 (P < 0.05), probably due to degradation of subunits at higher temperature. Collagen concentration is one of the most important variables influencing the self-assembly (Yan et al., 2012) , and more collagen molecules will form thicker fibre; therefore, higher dissolution ratio of PSC is very helpful for the self-assembly.
Kinetic self-assembly
Kinetic self-assembly curves of type I collagen prepared from tilapia skin by different methods are shown in Fig. 3 . It could be observed that for ASC, PSC and C-25, the turbidity vs. time curves of self-assembly were sigmoid that had three steps of molecular rearrangement. The first step is a lag phase without turbidity change, corresponding to the nucleation of collagen fibrils; the second phase is a growth phase with rapid turbidity increasing, representing the growth of fibrils; the third step is a maturity phase with a constant value of turbidity, revealing the formation of three-dimensional networks of fibrils (Noitup et al., 2006) . Similar curve was found in collagen from bovine dermal (Li et al., 2009) , bester sturgeon (Zhang et al., 2014b) , calfskin (Sang et al., 2010) , silver-line grunt skin (Aukkanit & Garnjanagoonchorn, 2010) and walleye pollock skin (Yan et al., 2012) . The results suggested that ASC, PSC and C-25 could assemble spontaneously. However, the self-assembly curves of C-35 and C-45 were almost the straight lines, revealing that there was no self-assembly. Previous study reported that fibril-forming capacity is an important index of molecular integrity and the denaturation of collagen (Lin & Liu, 2006) ; thus, it was thought that ASC, PSC and C-25 could maintain the molecular integrity in whole or in part, while extraction at 35 and 45°C completely destroyed. Together with the secondary structure of collagen as displayed in Table 2 , it was thought that a-helix might play a crucial role in collagen self-assembly. In the study, C-25, C-35 and C-45 were all prepared by hot-water method, the only difference being extraction temperature; therefore, it was speculated that there should be important effect of extraction temperature on collagen self-assembly, which might be correlated with the denaturation temperature (T d ). T d of ASC or PSC, determined by the viscometry, was usually regarded as the denaturation temperature of collagen. As shown in Fig. 4 , T d of ASC and PSC from tilapia skin was 31.85 and 31.21°C, respectively. Therefore, it was thought that when the extraction temperature below the T d , collagen could self-assemble, while above it, no self-assembly was observed. From  Fig. 3 , it could also be found that the lag time of PSC self-assembly was longer than that of ASC and C-25, although its initial collagen concentration and ultimate turbidity were much higher, which suggested that the nucleation time of PSC assembly was prolonged for the hydrolysis of pepsin. Previous reports said that short telopeptide sequences at the N-and C-termini of the triple helical domains are important in stabilising initial aggregates, and enzymatic digestion of the telopeptides prior to fibril reconstruction inhibits assembly (Li & Douglas, 2013) , which well supported the results in this study. Analysis of FTIR spectra suggested that pepsin hydrolysis destroyed the hydrogen bonds formed by NH group or C=O, while 25°C extraction only broke the hydrogen bond participated by C=O, so it was thought that hydrogen bond formed by NH group might play an important role in the nucleation of collagen self-assembly. After self-assembling for 24 h, collagen was taken to analyse the rate of reconstruction. As shown in Table 1 , the reconstruction rate of ASC and PSC was similar, both evidently higher than that of C-25 (P < 0.05), revealing that self-assembly capacity of C-25 was worse, which further confirmed that extraction temperature had a crucial effect on the collagen self-assembly regardless of the extraction methods. Combined with the self-assembly curves, the results indicated that pepsin hydrolysis could evidently influence the nuclei phase of collagen, while higher extraction temperature could induce collagen to reduce even lose the ability of self-assembly.
Microstructures of collagen assemblies
The microstructures of PSC before and after the selfassembly observed by scanning electron microscopy (SEM) are displayed in Fig. 5a ,b. It could be found that before the self-assembly, PSC appeared to be irregular dense sheet-like film (Wang et al., 2014) , while after the self-assembly, PSC formed the fibrils. The results suggested that the self-assembly could significantly alter the ultrastructure of collagen. Atomic force microscopy (AFM) was applied to illustrate the microstructures of collagen fibrils. It has been extensively used to study collagen self-assembly on flat substrates (Li & Douglas, 2013) . The microstructures of collagen assemblies are shown in Fig. 5c -h. It could be found that fibrils with characteristic D-periodicity were present in all AFM images, similar to that observed in bovine dermal collagen (Li et al., 2009; Sang et al., 2010) . The results suggested that ASC, PSC and C-25 all formed the fibril similar to the native structure of collagen fibril, which is believed to be important for the biological functions of collagenous matrix.
Conclusions
The results in this study indicated that type I collagen prepared by different extraction methods displayed the distinctive structure and self-assembly property. ASC and PSC maintained the collagen molecular integrity so as to self-assemble into fibrils with D-periodicity, as well as C-25 yet with lower rate of reconstruction, but C-35 and C-45 did not. The results revealed that extraction temperature might be the most important factor influencing the fibrillogenesis of collagen than extraction method, which was correlated with T d . Generally, collagen could self-assemble at the extraction temperature below T d , while above it, no assembly was observed. PSC has two characteristic features: relatively higher solubility compared with others and better fibril-forming capacity, which were very helpful for industrial utilisation of collagen from tilapia skin as biomaterials or food-packaging materials.
